ABSTRACT Based on the computer simulation technology of zero memory nonlinearity (ZMNL), this paper combines with the backscattering features of sea clutter and conducts simulation for four typical backscattering coefficient empirical models of sea clutter, namely, Technology Service Corporation, Georgia Institutes of Technology, Hybrid Sea Clutter Model, and Naval Research Laboratory. According to the results, the signals of sea clutter simulated by zero memory nonlinearity are able to well satisfy the requirements of spectrum characteristics and amplitude distribution according to experiments on the fitting characteristics of simulated signals. After that, the above-mentioned sea clutter scattering coefficient fitting characteristics are applied to the finite difference time domain (FDTD) electromagnetic scattering equation of the numerical method, and the optimal recursive solution to the backward scattering area fitted by the above four semi-empirical models is proposed for the first time. Then, the method of discretizing the power spectrum equation of the differential form is combined with the FDTD discrete form. The numerical results of discrete simulation take the form of the random phase ω between 0 and 2π and then are converted into a basic iteration of one-dimensional rough length, thus realizing time domain power spectrum inversion. Finally, combined with the above conclusions, this paper proposes a new statistical model based on sea surface backscatter coefficient to invert the two-dimensional sea surface, that is, the three-parameter statistical model. At the same time, this paper further deduces the backscattering function of sea clutter based on random distribution and points out that the incident frequency and the rubbing angle are the main factors affecting the sea clutter scattering model. Based on this conclusion, this paper combines the sea clutter estimation model and the directional function model to simulate a two-dimensional random rough sea surface satisfying the physical laws of the ocean.
I. INTRODUCTION
Regarding sea clutter, it generally means that sea surface is backscattered under radar illumination. Extensive studies have been conducted on the properties of sea clutter in order to effectively detect the target signal from the background system and thus suppress clutter. Environmental factors and radar parameters are set to simulate sea clutter and useful signals are filtered and extracted from sea echo so as to minimize the disturbance of sea clutter to the detection of radar target signals [4] - [6] .
As a computer simulation modelling method, zero memory nonlinearity (ZMNL) can be adaptable to all sorts of specified power spectrums. ZMNL has been extensively applied in the research area of sea surface backscattering [7] - [8] . This paper takes the factors influencing sea clutter into full consideration and combines with ZMNL method to make improvement for four typical empirical simulation models of sea clutter backscattering coefficients, including TSC, GIT [9] , HYB, and NRL [10] - [11] . After that, this paper makes a comparison of simulation results and the measured data and conducts an analysis on the distribution features of all models under different sea conditions, polarization mode and scrubbing angle [12] with the intention of guiding the design of radar system, suppressing clutter, extracting the helpful signals of sea echo and minimizing the disturbance of sea clutter to the detection of radar target signals. This paper conducts a further analysis on the adaptability of ZMNL method in the simulation of sea clutter through feature fitting, and adopts the finite-difference time-domain (FDTD) method to invert wave characteristics. At last, a comparison of inversion results and the measured data of Nathanson are made to analyse the validity of the above-mentioned methods from an experimental viewpoint.
The mean scattering coefficient model of sea clutter is mainly used to study the variation of the mean value of sea clutter scattering coefficient with the changes of grazing angle and environmental parameters of the ocean, therefore it plays an important role in the prediction of radar distance performance in the sea clutter background. The US Naval Research Laboratory (NRL) has conducted a series of sea clutter measurements for nearly two decades [10] . In their experiments, the airborne 4-frequency radar (4FR radar) used by the researchers was distributed in the UHF band (428MHz), L-band (1228MHz), C-band (4455MHz) and X-band (8910MHz). When the wind speed was 5 ∼ 50km/h and the grazing angle was 5 • ∼ 90 • , the researchers used the horizontal as well as vertical polarization methods to measure the sea clutter in the downwind, upwind and crosswind respectively [11] . In terms of the hardware, the method used standard metal balls to calibrate. Also, the measurement ship was used to record the wind speed and wave height of the observed sea area innovatively. Masuko recorded some airborne measurements in their work, and later books on radar systems compiled by Conte et al. [13] summarized the early data. Subsequently, the United States launched marine satellites and SIR-A to SIR-C spacecraft-borne radars. The SIR-C conducted two flight missions and was equipped with L, C and X-band multi-polarization imaging radars. The radar mapped the Earth and obtained the scattering coefficient of the ground surface. So far, the ESA and countries including Russia, Japan, Canada and have launched radar satellites and obtained a large amount of scattering data on ground and sea surface. According to the measured sea clutter data, many scholars have derived some semi-empirical sea clutter mean scattering coefficient models to supplement the scattering coefficients which have not been measured by the experiment [14] . Among them, the researchers from Georgia Institutes of Technology derived a sea clutter mean scattering coefficient model, known as the GIT model [9] . Then, according to Nathanson's average sea clutter data, the TSC model [9] and HYB model are derived [10] . In recent years, Sittrop has derived a semi-empirical sea clutter mean scattering coefficient model for the X-band and Ku-band, known as the SIT model. Gregers-Hansen and Mital [11] also derived the improved NRL sea clutter model based on the experimental sea clutter data given in Nathanson's book.
With the development of computer technology, difficult issues such as large computational complexity and low computational efficiency of numerical methods in clutter calculation methods have been improved, which greatly promotes the application of accurate numerical simulation in the calculation of electromagnetic scattering on rough sea surface. The main work of sea clutter amplitude distribution research is to calculate the sea clutter time series and obtain its probability density function. This density function is called the amplitude distribution model. In this field of research, it is important that Warnick has combined the above density function with the curl equation. He has done much work on the correction function and gained great progress. The FDTD method he used is the most classical one in the time domain differential equation methods. This method can solve different problems of steady state and transient state, which improves the calculation efficiency and the calculation accuracy [15] . It has a broad application prospect. After that, Franceschetti, Jaggard and Sun proposed a one-dimensional and two-dimensional fractal rough sea surface model based on the fractal function of the band Weierstrass. At the same time, Chen et al. [16] introduced the PM spectra into the band-limited Weierstrass function to simulate random rough sea surface. Neumann and Pierson proposed the sea wave equation method after fully studying the linear solution of Lagrange on the moving sea surface. The sea surface equation consisting of a large number of discrete spatial points was obtained by linearly superimposing the initial solution. After several decades of development, the most commonly used numerical simulation method for electromagnetic scattering calculation in the world is MOMI proposed by Brown and Kapp et al., also known as fast iteration method. This method is a very effective one for solving MFIE (Magnetic Field Integral Equation) , and its theory can be applied to solve the electromagnetic scattering coefficient of random rough surface and deterministic rough surface. A large feature of this fast iteration method is its ability to calculate a large-area scattering field, because it does not have obvious convergence problems [17] . On this basis, after studying the ''tailing'' phenomenon of radar clutter, Trunk proposed a normal distribution to describe high-resolution radar clutter, and then proposed a Rayleigh distribution model of clutter distribution composite synthesis two years later. After that, Pusey and Jakeman were inspired by the scattering field of the night scatterer, which proved that the clutter distribution can be described by the composite K distribution, and further confirmed that when the number of scatterers fluctuates in the radar irradiation unit, the amplitude statistical properties of radar clutter also conform to the composite K distribution [18] . Researchers have made full use of the unique advantages of Spherical Invariant Stochastic Process (SIRP), and have used SIRP in multivariate stochastic processes to model non-Gaussian stochastic processes in information theory. Huo, Longo and Conte have applied SIRP theory for the first time in high-resolution radar sea clutter modeling applications. They not only obtained the multivariate probability density function, but also studied the clutter correlation characteristics [19] . Gao and Sangston modeled the sea clutter using SIRP under the condition that the number of radar resolving units changed. The coherent detection performance of the radar under this condition was further studied and used for the target detection of Gaussian clutter [20] . In summary, it should be noted that the composite K distribution and the Weibull distribution are closely related to the Gaussian distribution. For the Weibull distribution, we can obtain the function transformation by Gaussian distribution; however, the K distribution can only be obtained by synthesizing the exponential distribution and the Rayleigh distribution. Therefore, one of the great advantages of the composite K distribution is the ability to use SIRP to handle spatial and temporal domain independent features simply and independently. For space-time adaptive signal processing research in the modern radar field, the two-dimensional correlation characteristics of this spatial domain and time domain are very important.
However, it should be noted that most of the above methods for simulating sea surface are based on a ball-invariant random function for multiple iterations. In this paper, it is intended to try to invert the two-dimensional random rough sea surface from the scattering characteristics of the sea clutter semi-empirical model, and prove the feasibility of the above method in the following experiments.
The structure of the paper is as follows: In part II, the basic theory of ZMNL is described. In part III, firstly, based on the ZMNL method, the fitting characteristics of four sea clutter semi-empirical models and Nathanson measured data are studied. Secondly, based on the amplitude dispersion experimental conclusions by Nathanson and FDTD methods, the time domain power spectrum is proposed. Thirdly, a new three-parameter statistical model based on the sea surface backscatter coefficient statistical model is proposed and the effectiveness of the method is proved. In part IV the above recent work is discussed, and finally, we summarize this paper in part V.
II. PRELIMINARY
In this part, this paper will introduce the basic principle of sea clutter semi-empirical model simulation based on ZMNL method. The power spectral density method is usually adopted to study the statistical features of a linear system's output random process for discrete random sequences. As a result, the square of a linear system's transfer function is equivalent to the value obtained by dividing the power spectral density of the output process by that of the input process. ZMNL can obtain the following method principle based on the statistical characteristics of linear systems [21] :
For the purpose of simulating the data of sea clutter, it is necessary to generate N sample data which meets the following two conditions in advance: (1) The sample data is distributed according to a specific amplitude; (2) The sample data owns certain spectral features [21] . The essential idea of ZMNL lies in generating related random Gaussian sequences first, and then conducting some nonlinear transformation to obtain relevant random specifically distributed sequences. The method contains the following basic principles: At first, a Gaussian white noise sequence {Vi} is created. Then, the above sequence is converted to a random sequence {Wi} through a linear digital filter H(w). Finally, {Zi} is obtained by putting the random sequence to ZMNL model and calculating G(·). Among them, nonlinear transformation G(·) is used to calculate the amplitude distribution characteristics of {Zi} and there is an equivalence between the power spectrum densities of {Zi} and sea clutter signal. Spectral characteristics are satisfied by the digital filter H(z). The input Gaussian white noise sequence {Vi} still obeys the Gaussian distribution after linear system H(w) and the square of the amplitude and system's frequency function is the power spectrum function. The above method is used to figure out the sequence {Wi} which can obtain the required sequence through being further transformed by the nonlinear filter. In the required sequence, the amplitude distribution characteristics of the output random sequence are ensured by the nonlinear filter [22] . Reserach is conducted on the association between S(σ ) of input sequence {Wi} and output sequence {Zi} and the correlation functions ρ(σ ):
The correlation function ρ(σ ) of Wi and H(w) are calculated by the correlation function S(σ ) of Zi. Below is the method:
Wherein, F stands for the Fourier transform. In general, the amplitude distribution of sea clutter meets the requirement of Rayleigh distribution for low-resolution radar which is high in pulse width and antenna number width [23] . A correction is made here. In addition, computer modelling is carried out VOLUME 7, 2019 when the amplitude distribution of the semi-empirical model of sea clutter backscattering coefficient is used as the input condition.
III. RELATED WORK
Based on the above basic theory of ZMNL, the sea clutter semi-empirical model is simulated in part A by combining GIT, HYB, TSC and NRL models, and is compared with the measured Nathanson data with the backscattering characteristics of each model further analyzed. Then, in part B, the above-mentioned sea clutter scattering coefficient fitting characteristics are applied to the FDTD electromagnetic scattering equation of the numerical method, and the optimal recursive solution is obtained by fitting the backward scattering area of the above four semi-empirical models. Then the FDTD discrete form is used to discretize the power spectrum equation of the differential form, and then the time domain power spectrum inversion is realized. Finally, in part C, this paper proposes a new three-parameter statistical model based on the sea surface backscatter coefficient statistical model to invert the two-dimensional sea surface, and to further derive the sea clutter backscatter function based on random distribution. At the same time, combined with the sea clutter estimation model and the direction function, the simulation of two-dimensional random rough sea surface that satisfies the physical laws of ocean is realized.
A. STUDY ON FITTING CHARACTERISTICS OF SEMI-EMPIRICAL MODELS AND NATHANSON MEASURED DATA
Backscattering property belongs to an important feature of sea clutter. Represented by the cross-sectional area σ 0 of radar and also known as the backscattering coefficient, the strength of sea clutter stands for the average backscattering ability of the radar irradiated area per unit area [24] . Sea clutter backscattering coefficient has four typical models which are GIT model, TSC model, HYB model and NRL model.
The above models are summarized by the cited paper which only offers the application scope of each model rather than the concrete application conditions of influence factors like grazing angle and sea condition. This paper simulates four models based on the above work and compares the results with the measured scattering coefficient in the book of Nathanson et al. [28] . The mean square deviation test is used as the evaluation standard of goodness of fit to analyze the fitting characteristics of all models in detail and summarize their applicability. Below is the definition of mean square deviation test:
Wherein, f k and x k stand for measured data and simulated data. N refers to vector length. The fitting effect will be better when D value is smaller. There should be an angle of 90 • FIGURE 1. Schematic diagram of ZMNL [21] . Wherein, V i represents white Gaussian noise, H(w) represents a linear digital filter, S v (w) represents the initial array of linear systems, W i represents a random result input sequence, S w (w) represents the system amplitude frequency function power, and Z i represents the output sequence of the calculation result. between the wind and wave beam in the process of simulation experiment as the Nathanson data is measured in the direction of dead wind, tailwind and crosswind.
1) SIMULATION RESULTS AND ANALYSIS OF GIT MODEL
As a backscattering coefficient model, GIT model is established on the mathematical models of a variety of ocean surface scattering mechanisms and measured data. There is a relationship between the parameter σ 0 and three factors including interference factor, wind direction factor and wind speed factor. The noticeable feature of GIT model consists in describing the sea surface through using wind speed and average wave height simultaneously. The wind speed is correlated with average wave height in the case of fully developed sea surface. The changing environment can use average wave height and wind speed as independent parameters. Below is the definition of the GIT model [11] :
When the transmission frequency of radar varies from 1GHz to 10GHz, When the transmission frequency of radar varies from 10GHz to 100GHz,
Wherein, σ 0 HH and σ 0 VV stand for scattering coefficients respectively in the case of taking HH and VV as the polarization mode. λ refers to the wavelength of radar. θ means the scour angle. h a stands for the mean wave height of sea surface. F a , F u and F w represent adjustment factors. Fig. 2 shows the simulation results of GIT model under In polarization VV state, grazing angle 1 • and sea state level 1 ∼ 5. In addition, Table 1 presents the results of comparing simulation results and measured data in the mean square deviation test.
As shown in Table 1 , grazing angle is less than 1 • in VV polarization state. The simulation results of GIT model will fit better with experimental data when the sea condition is higher. The simulation results of GIT model and sea condition data of level 1 show the worst fitting effect and good fitting effect with other sea condition data when the grazing angle changes between 1 • and 30 • . The fitting degree sees a drop with the rise of sea state level in the case of grazing angle of 60 • . Under the same sea state level, the fitting degree between GIT model and measured values sees a gradual increase with the rise of grazing angle when the grazing angle increases from 0.1 • to 10 • . The optimal fitting effect will be achieved when the grazing angle is 10 • . The worst fitting effect will be achieved when the grazing angle is 0.1 • . The fitting degree drops with the increase of the angle when the grazing angle exceeds 10 • .
In HH polarization state, GIT model and measured data show better fitting effect when the sea state level is higher and the grazing angle is less than 10 • . The fitting degree will be worse when the sea state level is higher in the case of the change of grazing angle between 10 • and 30 • . No regular relationship exists between sea state level and fitting effect when the grazing angle is 60 • , showing poor fitting effect in this situation. The grazing angle will be bigger and fitting effect will be better under the same sea conditions when the seed is less than 10 • . On the contrary, the grazing angle will be bigger and fitting effect will be worse when the grazing angle is above or equal to 10 • . Additionally, the fitting effect is affected by the polarization state to some degree. The HH polarization fitting is better than that under VV polarization state when grazing angle is less than or equal to 10 • .
2) SIMULATION RESULTS AND ANALYSIS OF HYB MODEL
For the HYB model, TSC model and HYB model have similar structures. In consideration of the influence of atmospheric waveguide, however, they are functions of radar wavelength, ground angle, Douglas sea condition, wind direction, polarization mode and beam angle (azimuth angle) [26, 27] . We calculate scattering coefficient through introducing 0.1 • grazing angle, level 5 sea condition, vertical polarization, headwind (azimuth angle of 0 • ) scattering rate of experimental results as reference values to the HYB model. Below is the definition of the HYB model:
Wherein, σ 0 (ref ) stands for the reference value for the scattering rate of 0.1 • grazing angle, level 5 sea condition, vertical polarization and headwind. K g , K s K p and K d refer to the earth angle, polarization mode sea condition as well as azimuth correction factors respectively. Fig. 3 shows the simulation results of HYB model under the condition of polarization VV, grazing angle 1 • and sea state level 1 ∼ 5. In addition, Table 2 displays the results of comparing simulation results and measured data in the mean square deviation test.
As displayed from Table 2 , HYB model fits much better with measured data compared with GIT model. However, no regular relationship exists in the fitting effect between measured data and HYB model in the case of a change in the grazing angle, the sea state level and polarization mode. From the angle of sea state level, the best fitting effect is achieved when the grazing angle is 1 • and the worst fitting effect is obtained when the grazing angle is 60 • . Under VV polarization state and sea state level 1, the fitting effect is worse when the grazing angle is above or equivalent to 10, but better in other cases. Under HH polarization state and constant grazing angle, the fitting effect is the worst when the sea state level is 1. The fitting effect gets worse gradually when the grazing angle is above or equivalent to 30 • under the same sea condition.
3) SIMULATION RESULTS AND ANALYSIS OF TSC MODEL
Effective wind speed and wave height which can also be inputted independently are calculated by the sea state in the TSC model. Below is the definition of the TSC model: 
Wherein, θ stands for the grazing angle. λ refers to the wavelength of radar. σ z means the standard deviation of wave height of the sea surface G a , G u and G w represent the minor grazing angle factor, wind speed factor and wind direction factor respectively [27] . Fig. 4 shows the simulation results of TSC model under the condition of polarization VV, grazing angle 1 • and sea state level 1∼5. Table 3 displays the results of comparing simulation results and measured data in the mean square deviation test.
As shown in Table 3 , the fitting between TSC model and measured data shows similar characteristics with that between HYB model and measured data. The fitting effect does not show obvious change rule with the change of grazing angle, sea state level and polarization mode. On the whole, TSC model fit better with measured data than HYB model. The simulation results of all sea state levels fit better with measured data under VV polarization state when the grazing angle is less than or equal to 30 • . Among them, mean square error reaches the minimum value and the best fitting effect is achieved when the grazing angle is 1 • . The mean square error sees a sharp increase and the fitting effect gets worse when the grazing angle reaches 60 • . The optimal fitting effect can be achieved under the condition of HH polarization and all sea state levels when the grazing angle is still 1 • . The fitting effect gets worse obviously when the grazing angle increases to 60 • .
4) SIMULATION RESULTS AND ANALYSIS OF NRL MODEL
As a new backscattering coefficient model, NRL model was proposed by Rashmi and Vilhelm in 2009. Compared with the former three models, NRL model can only be applied when the wind and beam angle is 90 • (crosswind). In 2012, the NRL model was improved by Gregers-Hansen and Mital [11] , whose definition is as follows:
Wherein, θ refers to the grazing angle. s represents Douglas sea level. f stands for radar frequency. c 1 ∼ c 5 means fixed reference value. Fig. 5 shows the simulation results of the improved NRL model under the condition of polarization VV, grazing angle 1 • and sea state level 1∼5. Table 4 displays the results of comparing simulation results and measured data in the mean square deviation test.
As displayed from Table 4 , the improved NRL model among the four above-mentioned models fits best with the measured data and changes in some environmental factors including grazing angle, sea condition and polarization model exert limited influence on the fitting effect.
The fitting effect is poorer when sea state level is 1 and grazing angle is 30 • . Additionally, the computed results of mean square error are all within 20. Fig. 5 shows the improved NRL model fits best with experimental data with the polarization method under various sea conditions and grazing angles than the former three models.
B. POWER SPECTRUM INVERSION BASED ON FDTD SCATTERING METHOD
The electromagnetic scattering of one-dimensional rough surface is actually a two-dimensional scattering problem. In this paper, the above-mentioned sea clutter scattering coefficient fitting characteristics are applied to the macroscopic electromagnetic scattering equation, and the following methods are proposed to realize the simulation of the power spectrum in the two-dimensional sea surface: After the optimal backward recursive solution is obtained to the fitted backscattered areas of the four semi-empirical models, the power spectrum equation of the differential form is discretized in combination with the discrete form of the FDTD equation. The numerical results are presented in the form of random phase ω, with values between 0 and 2π. The center-difference component is approximated by a first-order partial derivative of time and space for a right-angle component distributed over a length of 2π . By using this discrete method, the differential form of the time domain power spectrum equation can be obtained.
The FDTD method among numerical methods is selected to invert the scattering wave spectrum of the semi-empirical models mentioned above in view of convenient approximate algorithm in the electromagnetic scattering calculation method and accurate numerical method [29] . In addition, the FDTD method fits with the standard spectrum for analysis. The curl equation of Maxwell is processed by central difference discretization directly with the help of FDTD method to obtain a series of difference equations. The difference formula of FDTD is [33, 34] by taking TM wave as an example:
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Wherein, m has as the same value with the left end field component node CA(m)., CB(m), CP(m) and CQ(m) are known [30] . The dual relationship between TM and TE wave contributes to obtaining the FDTD difference formula of TE wave [33] . Absorption boundary is required by FDTD truncation boundary in specific rough surface scattering calculation since FDTD calculation is limited to fixed region operation. The absorption boundary of UPML is taken here [34] . Therefore, below is the Maxwell curl equation of anisotropic medium (TM wave, passive source):
Wherein,µ * , ε * and σ * stand for the dielectric electromagnetic parameters which are close to UPML layer. S ω (ω = x, y) represents the uniaxial parameter along x-axis and yaxis:
are set. In this case, below is the derived relationship of E z → B x , B y → H x , H y , H x , H y → P z → P z → E z in the promotion of time domain [35] , [36] :
GIT model is taken as an example in this article. The FDTD method is adopted to modify the semi-empirical models.
Fig. (5) shows the results of comparing the inverse wave spectrum data measured by Nathanson et al. [28] and the simulated inversion data in the wave height distribution when radar frequency range is between 0.5 GHz and 35 GHz and grazing angle is 1 • . Fig. (6) displays wave time spectrum.
As shown in Fig. (6) , there is a high consistency between Nathanson inversion spectrum distribution and the overvalued cumulative probability distribution of GIT inversion wave column modified by FDTD. As displayed from Fig. (7) , this paper adopts the modulation method which keeps more consistency with the spectral structure of the original target spectrum in the case of simulating the wave sequence, which is the same as the spectral peak period and satisfies the random characteristics of the primary stage of the wave during the period of standard spectrum sequence.
The method of central difference approximation is used to calculate the above formula. In addition, the FDTD expression of UPML theory is obtained. The amplitude and phase on the boundary are output after the calculation is in a steady state.
Based on the above comparison results, this paper combines the discrete form of FDTD to discretize the power spectrum equation of differential form. The numerical results are taken from 0 ∼ 2π in the form of random phase ω, which are converted into the basic iterative formula of onedimensional rough length, and then the time domain power spectrum inversion is realized.
The time harmonic field extrapolation formula is applied based on the principle of equivalence to obtain the following far-zone scattering field:
Wherein, k and Z are used to stand for incident wave number and wave impedance. f mx and f z refer to the torque component of the magnetic flow and current torque respectively. ϕ means the angle formed by scattering wave and x axis and has the following relationship with scattering angle:ϕ = 90 • − θ s The scattering coefficient is: σ = 10 log 10 (RCS)(dB),
The inversion results of the power spectrum rough length under the one-dimensional wind zone are shown in Fig.8 . Under the same conditions, the distribution results of the corresponding random phase in the power spectrum simulation experiment are shown in Fig.9 : By the analysis of the above inversion results in Fig. 8 and Fig. 9 , it can be seen that in the wind region ranging from 0 to 1000km, the roughness of the wave height on the sea surface fluctuates regularly with the change of wind wave, Further, in the position where the gravity wave is 150 km and 800 km long, a trough is formed on the rough length distribution map. Both the age and the steepness of the wave show a strong difference from the distribution of the whole wave state. Corresponding to the random phase difference direction (shown in Figure 9 ), the maximum difference peaking at the same position are −65dB and −210dB, which are consistent with the statistical characteristics of the actual wave power spectrum. The above conclusions fully prove that the proposed method is in line with the principles of ocean waves.
C. THREE-PARAMETER INVERSION MODEL OF TWO-DIMENSIONAL RANDOM SEA SURFACE
Based on the above experimental conclusions, this paper proposes a new method for simulating two-dimensional rough sea surface. The three-parameter inversion model based on randomly distributed two-dimensional random sea surface is as follows:
Since X is a random variable that matches the probability density phase functionp(ω), its distribution function can be written as:
, which is a random variable that conforms to the p(ω) distribution. In the above formula, s is a uniformly distributed random variable between 0 and 1.
Therefore, if the inverse function of the distribution function of various statistical models can be constructed, the statistical generation function of the backscatter coefficient can be obtained by using the uniformly distributed random variable s between 0 and 1. Furthermore, the random sea surface under different incident angles, incident frequencies, polarization modes, frequencies, radar resolutions, wind speeds and wind directions can be inverted. Since the K distribution can be expressed as the product of the square root between speckle component of composite Rayleigh distribution and texture modulation component of Gamma distribution, the backscattering coefficient of the composite K distribution can be set as follows:
Wherein, δ R = (− ln S) 1/2 represents a random variable of the Rayleigh distribution, and F G (α) is a random variable of the gamma distribution with a parameter of α. This paper assumes that it is generated as follows:
Based on the above conclusions, a random variable G n with a normal distribution of 0 and a variance of 1 and a uniformly distributed random variable S between 0 and 1 are generated.
3 )ζ is a random variable satisfying the gamma distribution, wherein,
The above method can quickly generate random variables obeying the gamma distribution. In Fig. 8 and Fig. 9 , the experiment proves that when a = 1, the efficiency of the algorithm reaches 0.951, and the inversion efficiency increases gradually with the increase of a. When a < 1, the following methods can be used for conversion:
In the actual simulation experiment, in addition to the above-mentioned inversion power spectrum based on the sea clutter empirical model, the direction function should be added as the wave direction spectrum in the modeling process. In this way, the concentrated distribution characteristics of power in different directions can be reflected, and the simulation of two-dimensional random rough sea surface can be realized. The direction spectrum is defined as the product of the direction function G(φ) and the spectrum S(f ): S (f , φ) = S(f )G(φ), and the direction spectrum is expressed as follows: The direction function used in this paper is the Donelan direction distribution function obtained by the direct Fourier transform method. The form is as follows:
Based on the above analyses, this paper assumes that the wind direction is 320 • crosswind, the humidity is 81%, the temperature is 4.3 • C, the wind zone is 10km, incident grazing angles are 1. wave fluctuation characteristics of the sea surface under different wind speeds and incident angles are basically regular changes, which are consistent with the characteristics of power spectrum and direction spectrum.
B. When the wind speed is below 18km/h, there is no obvious wind zone difference in the wave height and texture. However, when there is a crosswind, although the rough length is low, the texture still has a slight difference. Although there is still a large gap between the autocorrelation characteristics of different sea-spectrum models of the upwind and the crosswind, the sea spectrum inverted by the sea clutter scattering model is only slightly different from the autocorrelation function of the power spectrum, especially in the case of a considerably large sea area with sufficient upwind and crosswind and low grazing angle, and its autocorrelation function is also roughly the same.
The effectiveness of the method proposed in this paper is fully proved by the comparative analysis results of the above parameters, 3-d sea surface inversion results (Fig. 10 ∼ 15) and the analysis and comparison test results of measured wave spectra (Fig. 6 and Fig. 7 ) which follow the laws of Marine physics.
IV. CONCLUSION
The above experimental results are analyzed to reach the following conclusions:
A. GIT model shows poor fitting effect when the grazing angle is extremely small and big, and shows the worst fitting effect when sea conditions are medium and low and the grazing angle is small. Under the condition of the grazing angle below or equivalent to 10 • , the fitting effect is better when the sea condition is higher. HH polarization mode shows higher goodness of fit than VV polarization mode. The fitting effect gets poor gradually when the grazing angle is greater than 10 • . Thus, GIT model is applicable to simulation application under the condition of grazing angle between 1 • and 10 • , secondary or higher sea state.
B. Compared with GIT model, HYB model fits better with measured data significantly. The fitting effect remains unchanged regardless of changing grazing angle, polarization mode and sea condition. HYB model has relatively poor fitting effect on big grazing angle and low sea condition. C. TSC model has similar fitting characteristics with HYB model. The goodness of fit is not greatly affected by changes in grazing angle, polarization mode and sea condition. As a whole, TSC model has much better fitting effect than HYB model. TSC model fits best with measured data when the grazing angle is below or equivalent to 30 • . However, its fitting effect is not applicable to simulation in the case of large grazing angle.
D. The improved NRL model fits best with experimental data with the polarization method under various sea conditions and grazing angles than the former three models. However, its fitting effect only applies to the grazing angle of 90 • between wind and wave beam. As a result, it is supposed to consider using the NRL model for simulation first in the case of crosswind.
E. This paper modifies the scattering coefficient of sea clutter semi-empirical model with the FDTD method in order to recover the actual sea surface. Cumulant probability distribution of wave height and wave spectrum fitting are used to prove the effectiveness of this method. This method can produce simulated wave sequence at a set time and fixed place through combining with the basic wave spectrum. In addition, the waveform can keep the target spectral spectrum structure, greatly meet the statistical characteristics of wave sequence and also satisfy the requirement of distributing the initial phase between 0 and 2π at random.
F. From the final experiment of wave inversion, the directional distribution function of the sea spectrum is crucial in describing the variation characteristics of the sea surface with the change of wind direction. This should be one of the research directions of sea surface radar scattering characteristics. In addition, since the linear method is used to simulate the sea surface, it is temporarily unable to express the different slopes of the wavefront in the downwind and upwind directions. Nevertheless, the shape parameters of the distribution clutter of the sea surface inferred by the above method is not limited to integer or half integer, which cannot be realized by the common method of sea surface method.
V. SUMMARY AND OUTLOOK
This paper combines with ZMNL and analyzes the characteristics of four empirical models including HYB, GIT, TSC and NRL of sea clutter backscattering coefficients. As input parameters, the above-mentioned models are simulated with radar parameters and environmental factors. Through analyzing the inversion results of wave and the mean square deviation between the measured data and the simulation results, this paper studies the impact of various factors such as grazing angle, sea conditions and polarization mode on the fitting degree of each model, sums up the application characteristics of each model, and provides a theoretical basis for designing and developing radar system and improving the detection performance of radar. According to the results, the improved NRL model best fits with the measured data whose fitting degree with GIT model, HYB model and TSC model gets better in sequence. Each simulation model adapts itself to changing sea condition, polarization modes and incidence angle accordingly.
According to the experimental results, ZMNL generates the radar clutter modulation data which is able to effectively and accurately simulate a variety of sea clutters with specific spectral distribution and amplitude distribution. Meanwhile, computer simulation results and theoretical analysis results show consistency, indicating that the real-time simulation of radar clutter data can be realized by this workable and effective method. Through comparing simulation results with theoretical value, it shows that the theoretical value keeps consistency with the power spectrum of sea clutter and the simulation results of the probability distribution, proving ZMNL to be a very effective simulation method of radar clutter. Additionally, this paper modifies the scattering coefficient of semi-empirical model of sea clutter through combining with the above experimental results and further using FDTD, and studies its physical characteristics by inverting the sea wave. In terms of the experimental results, better simulation results can be achieved by this method, providing a reference for the introduction of direction function so as to compute the backscattering coefficient of two-dimensional sea surface. After that, the above-mentioned sea clutter scattering coefficient fitting characteristics are applied to FDTD electromagnetic scattering equation of the numerical method, and the optimal recursive solution to the backward scattering area fitted by the above four semi-empirical models is proposed for the first time. Then, the method of discretizing the power spectrum equation of the differential form is combined with the FDTD discrete form. The numerical results of discrete simulation take the form of the random phase, and then are converted into a basic iteration of one-dimensional rough length, thus realizing time domain power spectrum inversion.
In the modeling research of two-dimensional random rough sea surface, combined with the scattering characteristics of sea clutter semi-empirical model simulated by ZMNL and the comparison result between FDTD and Nathanson, this paper adds the directional function to the sea wave power spectrum and proposes a three-parameter model to realize the sea surface modeling. The effectiveness of the proposed method is proved by studying the distribution laws of rough wave length and wind speed, wind area and wind direction.
It is noteworthy that the ocean environment is changeable and complicated, and the data is also different if collected by the same radar in different times, environments and places. This paper carries out the simulation experiments based on fully developed sea, and the measured data is quite limited. Next, it is supposed to consider whether the empirical model of backscatter coefficient based on sufficient data is applicable to the sea which is not fully developed. FAMING LU received the Ph.D. degree in computer software and theory from the Shandong University of Science and Technology, Qingdao, China, in 2013, where he is currently an Associate Professor. He has published more than 30 papers in academic journals. His research interests include Petri nets and process mining, computer simulation, modeling and optimization, ocean wave modeling and rendering, calculation of surface electromagnetic scattering coefficient. VOLUME 7, 2019 
